1. Introduction {#sec1-nanomaterials-10-01315}
===============

Diluted Magnetic Semiconductors (DMS) are an interesting class of materials, obtained by adding a small concentration of magnetic dopants in a semiconductor (e.g., Ga(Mn)As) \[[@B1-nanomaterials-10-01315]\]. These materials have many potential applications in the field of spintronics, including devices with high speed and low power consumption \[[@B2-nanomaterials-10-01315]\], magneto-optical devices \[[@B3-nanomaterials-10-01315]\], and semiconductor based spin valves \[[@B4-nanomaterials-10-01315],[@B5-nanomaterials-10-01315]\]. One of the challenges in this field is to create DMS with strong magnetic response (i.e., showing ferromagnetic \[[@B6-nanomaterials-10-01315]\] or superparamegnetic \[[@B7-nanomaterials-10-01315]\] properties), without compromising the opto-electronic properties of the semiconductor. The magnetic properties of DMS can be enhanced by growing heavily doped semiconductors at low temperature \[[@B8-nanomaterials-10-01315]\], but with this approach the optical properties of the semiconductor are quenched by the high concentration of Mn dopants and intrinsic defects, introduced by the growth at low temperature.

A different strategy proposed to address this problem is to create a sample with two neighboring, distinct regions: one with a high Mn concentration and good magnetic properties, the other retaining a low dopant concentration and good opto-electronic properties \[[@B9-nanomaterials-10-01315],[@B10-nanomaterials-10-01315]\]. Heterostructures of III--V/II--VI semiconductor materials are a promising system to fabricate such structures \[[@B11-nanomaterials-10-01315]\]. Semiconductor Quantum Wells (QWs) can be realized exploiting the difference in band offset while using a combination of nearly lattice-matched semiconductors, such as GaAs and ZnSe (the difference in lattice parameters is less than 0.3%). Two approaches have been envisioned: the first involves the creation of a GaAs/ZnSe QW where Mn is introduced in the II--VI part of the stack. The carriers confined in the GaAs QW interact via exchange interaction with ${Mn}^{2 +}$ ions from the ZnSe barrier, gaining a net magnetization \[[@B9-nanomaterials-10-01315],[@B12-nanomaterials-10-01315],[@B13-nanomaterials-10-01315]\]. The second approach is based on the fabrication of a high quality GaAs layer, with a MnSe delta layer on top, followed by a ZnSe barrier. In this scenario, the back diffusion of Mn in GaAs during a post growth annealing step can be exploited to create a high quality DMS, with a small amount of intrinsic defects. This material is expected to have a higher Curie temperature with respect to low temperature grown Ga(Mn)As, where the high concentration of intrinsic defects has a detrimental effect on the $T_{C}$ \[[@B14-nanomaterials-10-01315],[@B15-nanomaterials-10-01315]\].

The behavior of Mn atoms at the III--V/II--VI interface is of great importance to determine the most favorable approach. If Mn impurities can diffuse extensively, the III--V/II--VI interface can be exploited to realize high quality DMS; conversely if the diffusion length is small or negligible across the interface, the creation of defect free III--V/II--VI QWs appears more promising.

In this work, we thoroughly investigate the Mn diffusion profile across a GaAs/MnSe/ZnSe heterostructure combining three different experimental techniques: Secondary Ion Mass Spectroscopy (SIMS), Cross Sectional Scanning Tunneling Microscopy (X-STM), and Atom Probe Tomography (APT). This unique combination allowed us to overcome the limitations of each technique, collecting data on the Mn distribution with a wide dynamical range and a high spatial resolution. This information allowed us to gain a comprehensive understanding of the diffusive behavior of Mn impurities in this system.

2. Materials and Methods {#sec2-nanomaterials-10-01315}
========================

In this work, three samples (*a*, *b*, *c*) have been investigated, with differences in the stack structure around the III--V/II--VI interface. The samples are all composed of a GaAs buffer layer and a thin MnSe layer, followed by a ZnSe layer. All samples are grown following a similar strategy for heterovalent interface formation. First, a GaAs buffer layer is grown by MBE on p^+^-GaAs substrates in a III--V chamber at 580 °C. Then, the sample is cooled whilst preserving a (2 × 4) As surface reconstruction and is transferred to a II--VI MBE growth chamber. In samples *b* and *c*, the buffer layer has a thickness of 100 nm, while, in sample *a*, it is optimized for STM analysis, and the buffer thickness is 5 nm.

In the II--VI chamber, the GaAs surface is heated up to 300 °C and two approaches are followed for the growth of MnSe. In sample *a*, conventional MBE growth is performed, allowing both Mn and Se in the chamber simultaneously (Se/Mn \> 1). A layer 5 ML thick is grown in this way. In samples *b* and *c*, the MnSe layer is grown in a Migration Enhanced Epitaxy (MEE) mode, performing three cycles of alternate deposition of Mn and Se with an intended thickness of 3 ML. After this stage, sample *c* is overgrown with 3 ML (1 nm) of ZnSe cap layer, and it is subsequently annealed in situ for one hour at 600 °C under the Se flux to enhance Mn diffusion into GaAs. Finally, all the structures are capped with a 70 nm-thick ZnSe layer, maintaining the growth temperature at 300 °C and the ratio ${{Se}/{Zn}} \geq 1$, close to unitary stoichiometric conditions. A graphical overview for the samples is shown in the [Appendix A](#app1-nanomaterials-10-01315){ref-type="app"}.

It should be noted that, in the samples grown by MEE (*b* and *c*), the real thickness of the MnSe layer can be less than the intended one by a factor of 2 (i.e., 1.5 ML = 0.5 nm rather than 1 nm) \[[@B16-nanomaterials-10-01315]\], similarly to the case of MEE growth of Zn(Cd)Se at 300 °C, where at maximum 0.5 ML, Zn(Cd)Se is deposited per one MEE cycle due to the existence of a stable c$\left( 2 \times 2 \right)$-Zn(Cd) surface reconstruction. It should be noted that basic experiments on MEE of MnSe, to the best of our knowledge, have not been reported so far.

The three samples are studied with SIMS, APT, and X-STM to obtain a comprehensive picture of the Mn impurities' diffusive behavior. Further details on these three experimental techniques are provided in the [Appendix A](#app1-nanomaterials-10-01315){ref-type="app"}.

By X-STM measurements, we analyzed the cross section of the semiconductor stack with atomic resolution, identifying defects and single dopants. Due to the presence of extended defects and the low conductivity in proximity of the III--V/II--VI interface, we used X-STM only to study the concentration of Mn impurities in the III--V part of the stack. SIMS measurements are performed using a probing beam of Bi^+^ ions, probing the front tail of the elements distribution with a resolution of 2--3 nm and a sensitivity in the range of 10 ppm. APT measurements are performed using a laser to enable field emission of ions. The collected ions are analyzed using a mass spectrometer and, in order to maximize the accuracy of the spatial distribution of the elements, only the main isotope for each element is considered in the data analysis. The depth resolution achieved in this measurement with this technique is about 0.2 nm, as discussed in [Appendix A](#app1-nanomaterials-10-01315){ref-type="app"} \[[@B17-nanomaterials-10-01315],[@B18-nanomaterials-10-01315],[@B19-nanomaterials-10-01315],[@B20-nanomaterials-10-01315]\].

3. Results {#sec3-nanomaterials-10-01315}
==========

The results for the APT measurements on sample *b* are shown in [Figure 1](#nanomaterials-10-01315-f001){ref-type="fig"}. The concentration profiles are fitted using an error function fit, according to a simple diffusion model. In particular, the Mn profile can be described with a combination of two error functions, which describe the diffusion at the front tail and at the back tail of the MnSe thin film. Therefore, for this concentration profile, the fitting function is given by:$$Mn\left( x \right) = \frac{C}{2}\left\lbrack {erf\left( \frac{x - x_{1}}{2\lambda} \right) - erf\left( \frac{x - x_{2}}{2\lambda} \right)} \right\rbrack$$ where *C* is the Mn concentration in the MnSe layer, $x_{1}$ and $x_{2}$ define the thickness of the layer, and $\lambda$ is the diffusion length.

The fitting parameters obtained for the different elements are summarized in [Table 1](#nanomaterials-10-01315-t001){ref-type="table"}. The total depth resolution of the APT measurements is about 0.2 nm \[[@B17-nanomaterials-10-01315],[@B18-nanomaterials-10-01315],[@B19-nanomaterials-10-01315],[@B20-nanomaterials-10-01315]\]; therefore, the concentration profiles are not limited by the instrument response function. Since the primary goal of this study is to investigate diffusion and intermixing phenomena taking place at the interface, we chose to neglect the contribution of As clusters to the total As count. This approach allows us to be more sensitive to As inside ZnSe and follow the diffusion profile more accurately, but an apparent difference in concentration between Ga and As in the APT results is observed in [Figure 1](#nanomaterials-10-01315-f001){ref-type="fig"}. Further details on this phenomenon are described in [Appendix A](#app1-nanomaterials-10-01315){ref-type="app"}.

These results show that the MnSe layer is heavily intermixed during growth, being Mn~*x*~Zn~(1−*x*)~Se with $x = 0.24$. The layer is about 3 nm thick, which is in qualitative agreement with the amount of MnSe introduced in the chamber, since a pure MnSe layer about 1.0 nm thick was expected. Mn segregation during ZnSe growth is a very probable mechanism for MnSe redistribution into the MnZnSe alloy, as the Mn--Se bond energy is smaller than that of Zn--Se \[[@B21-nanomaterials-10-01315]\].

The fitting model is based on Equation ([1](#FD1-nanomaterials-10-01315){ref-type="disp-formula"}) and only takes Mn diffusion into account. The fits are in good agreement with the experimental profiles, over the concentration range detectable by APT on this system. Some deviations are observed for the tails of the Mn and the Ga profile in the ZnSe layer, where they appear to be slightly more extended. This asymmetric distribution of Mn atoms likely originates from preferential Ga(Mn)--Se bonds formation with respect to Zn(Mn)--As. This is due to efficient As substitution by Se and to an enhancement of Ga diffusivity into ZnSe, which was previously observed from XPS and SIMS measurements on a GaAs/ZnSe interface fabricated in the same growth regime \[[@B22-nanomaterials-10-01315]\]. Moreover, segregation effects, not captured by the previous fitting model, may also contribute to this discrepancy.

For both interfaces, the APT data show that the Mn concentration is falling by at least two orders of magnitude within 1 nm. The noise level in the APT measurements is around 0.1% for Mn, which allows the study of the species' concentration over two orders of magnitude. However the limited sensitivity of these measurements prevents an in-depth analysis of the tail of the profile.

In order to probe the concentration of Mn atoms in the III--V semiconductor with a greater sensitivity, we perform X-STM measurements. An area of about 1 μm long, close to the MnSe/GaAs interface, has been analyzed. The surface obtained upon cleaving is often rough and non-conducting in proximity of the GaAs/ZnSe interface. Through a careful optimization of the scanning parameters, we have been able to perform STM analysis in close proximity to the interface: in sample *b* and *c*, the area analyzed is about 10 nm away from the MnSe/GaAs interface. In sample *a*, which has been carefully engineered to enable STM measurements as close as possible to the interface, images could be obtained at less than 5 nm from the interface. The large portion of sample analyzed allow us to detect a Mn concentration as low as $10^{15}~{{atoms}/{cm}}^{3}$.

The results for sample *a* are shown in [Figure 2](#nanomaterials-10-01315-f002){ref-type="fig"}a; several Be atoms in GaAs are identified, thanks to their characteristic triangular shape when imaged under empty states imaging condition \[[@B23-nanomaterials-10-01315]\]. From these measurements, a Be concentration of $6 \cdot 10^{18}\,{{atoms}/{cm}}^{3}$ can be estimated, which is in good agreement with the nominal concentration expected for this layer ($2.5 \cdot 10^{18}\,{{atoms}/{cm}}^{3}$). The Be concentration decreases, as expected, towards the II--VI interface. In the thin intrinsic GaAs layer, some Be atoms are detected, but different features are also observed, which show a bow-tie shape similar to the contrast induced by Mn atoms \[[@B24-nanomaterials-10-01315]\]. The estimated concentration of Mn atoms in the thin region next to the GaAs/MnSe interface is about $7 \cdot 10^{17}\,{{atoms}/{cm}}^{3}$. This observation is compatible with the result of the APT measurement on sample *b*, shown in [Figure 1](#nanomaterials-10-01315-f001){ref-type="fig"}, where a rapid decay of the Mn concentration in GaAs is observed. Within 2 nm from the MnSe interface, the Mn concentration decreases of two order of magnitudes, falling below the noise level ($10^{19}\,{{atoms}/{cm}}^{3}$).

In (b), an STM image of the sample *b* is shown. The presence of a more extended intrinsic layer enable us to spatially distinguish the Mn atoms from the Be atoms more accurately, but it reduces the conductivity in proximity of the II--VI interface. In the region analyzed, which is approximately 10 nm from the expected position of the interface, no Mn atoms were detected. This results in an upper limit for the Mn concentration in this area of $1 \cdot 10^{15}\,{{atoms}/{cm}}^{3}$.

In both STM images of [Figure 2](#nanomaterials-10-01315-f002){ref-type="fig"}, an irregular wave-like pattern is observed towards the top of the images. This feature is likely caused by irregularity in the electronic contrast near the III--V/II--VI interface. Steps and defects created on the \[110\] GaAs surface during cleavage are known to locally modify the electronic properties of the surface \[[@B25-nanomaterials-10-01315]\], introducing localized states and unscreened long range Coulomb potentials. Therefore, the presence of this wave-like feature confirm that the images are taken in close proximity of the interface.

More detailed information regarding the Mn distribution in the ZnSe is obtained from SIMS measurements. SIMS has a wide dynamical range, which spans four orders of magnitude and allows a thorough study of the concentration profile's tails. However, the profile obtained by SIMS may be affected by artifacts due to the back-scattering of ions from different depths in the sample, especially in the back tail of a concentration profile, where the concentration of a specific element decreases. The absence of Mn, Zn, and Se in GaAs is confirmed by both APT and STM measurements and, for this reason, we decided to neglect the back tail of the concentration profile measured by SIMS. In our work, the same fit functions used for the APT measurements are employed to fit the front tail of three different profiles: Mn, Ga, and As. In the case of the Mn profile, a Lorentzian distribution is added to describe the front tail of the Mn peak. The result of SIMS measurements on sample *b* is shown in [Figure 3](#nanomaterials-10-01315-f003){ref-type="fig"}.

The diffusion length estimated from the SIMS measurements is about 1 nm longer than the data obtain from the APT analysis. This suggest that the lower vertical resolution of the SIMS causes a broadening of the profile of about 1 nm. The diffusion length for Mn in different samples are reported in [Table 2](#nanomaterials-10-01315-t002){ref-type="table"} The SIMS measurements confirm the presence of an extended tail in the growth direction for both the Mn and the Ga profiles.

The Mn profiles obtained from SIMS measurements on all the samples are shown in [Figure 3](#nanomaterials-10-01315-f003){ref-type="fig"}b. The STM measurements have shown that the diffusion of Mn in GaAs, is limited within a few nanometers from the interface; therefore, the back tail of the SIMS data will not be considered.

The Mn profile's front tail can be divided into two components: a diffusive component, which decays rapidly in the growth direction, and one slowly decaying contribution, probably originated from Mn segregation. Since these two phenomena occur on very different length scales, on a first approximation, we can treat them separately. Under this assumption, the Mn profile can be described as $Mn\left( x \right) = Mn_{diff}\left( x \right) + Mn_{segr}\left( x \right)$.

The diffusive component will be described with the same fitting model used for the APT data (Equation ([1](#FD1-nanomaterials-10-01315){ref-type="disp-formula"})), allowing the parameters *C*, $x_{1}$, $\lambda$ to vary. In order to fit, only the front tail the fit is limited in the range $x = \left\lbrack {x_{1},\left( {x_{1} + \Delta x} \right)} \right\rbrack$, where $\Delta x$ is the thickness of the MnSe layer obtained from the APT profile. The slowly decaying component of the Mn profile is fitted using a Lorentzian distribution. The function used for this second fitting is given by:$$Mn_{Tail}\left( x \right) = \frac{C_{L}}{\pi\lambda_{L}}\left\lbrack {\frac{1}{\pi}\frac{\lambda_{L}}{\left( {x - x_{c}} \right)^{2} + \lambda_{L}^{2}}} \right\rbrack$$ where $\lambda_{L}$ is the Full Width Half Maximum and $C_{L}$ is the Mn concentration at the maximum of the Lorentzian distribution. This value provides qualitative information on the ratio of Mn atoms involved in the segregation process. The center of the Lorentzian distribution is fixed in the center of the MnSe layer, estimated from the fit of the diffusive component. Since this distribution should describe only the slowly decreasing component of the Mn profile, the fitting is performed in a region where the diffusive contribution is negligible $\left\lbrack {0,x_{1} - 4\lambda} \right\rbrack$. Here, $\lambda$ is the diffusion length extrapolated from the fit of the diffusive component, performed in the first step. The combination of the diffusive and segregation components describes the whole Mn profile, as shown in [Figure 3](#nanomaterials-10-01315-f003){ref-type="fig"}b. The main fitting parameters for the three samples are summarized in [Table 2](#nanomaterials-10-01315-t002){ref-type="table"}. In the last column, the ratio between Mn involved in segregation and Mn involved in diffusive processes is reported.

The comparison of the fit parameters reported in [Table 2](#nanomaterials-10-01315-t002){ref-type="table"} for sample *a* and *b* shows the differences in the Mn distribution due to different growth methods (MBE and MEE, respectively). In particular, a strong discrepancy between the two samples is observed in the ratio $C_{L}/C$, indicating that a larger fraction of Mn atoms is involved in the segregation process for sample *a*, grown by MBE. It should be noted that the MBE and MEE growth are performed under similar conditions, as described in the experimental section. The comparison between sample *b* and *c* shows the effect of annealing on the Mn distribution: in sample *c*, which was annealed, a larger fraction of Mn atoms participate to segregation, as indicated by the ratio $C_{L}/C$. During the growth of sample *c*, the annealing occurs after the deposition of a 3 ML ZnSe cap, while the rest of the ZnSe layer is grown under nominally normal temperature.

We argue that the differences in segregation behavior can be explained by two factors:The different bond strengths of Zn and Mn with Se and the interdiffusion taking place during growth and annealing.The Zn--Se bond is stronger than the MnSe bond; therefore, when the Se concentration at the growth surface is sufficiently high, there is no competition between Zn and Mn to form a bond with Se, and the segregation of Mn is suppressed \[[@B21-nanomaterials-10-01315]\].

MBE growth (as in sample *a*) causes an Se deficiency at the surface, with respect to sample *b*, grown by MEE \[[@B16-nanomaterials-10-01315]\]. This induces the substitution of Mn atoms, already incorporated in the surface, by Zn atoms, explaining the stronger Mn segregation observed in sample *a* with respect to sample *b*. In case of sample *c*, the annealing step enhances the interdiffusion between Mn and Zn atoms. This effect is limited to the thin ZnSe capping layer (3 ML thickness), but it is expected that more Mn atoms have migrated to the surface as a result of this step. When the growth of ZnSe is resumed, Mn atoms are present on the surface of sample *c*, which gives rise to Mn segregation. In the case of sample *b*, the surface instead is mainly terminated by Se atoms and the amount of Mn atoms taking part in the segregation is very limited. Moreover, after the annealing step, the temperature drops from 600 to 300 °C. This process is relatively slow and, when the growth of the ZnSe cap is resumed, it probably proceeds at a somewhat elevated temperature (≈350 °C). The likely difference in the actual growth temperature reduces the Se sticking coefficient \[[@B26-nanomaterials-10-01315],[@B27-nanomaterials-10-01315]\] and the Se/Zn ratio at the surface. Therefore, as in the case of MBE grown sample *a*, these phenomena may also enhance the Mn segregation.

4. Conclusions {#sec4-nanomaterials-10-01315}
==============

In conclusion, the combination of APT, STM, and SIMS provides detailed information on the Mn concentration profile across a III--V/II--VI interface. Our study shows that a well defined interface between GaAs and Zn(Mn)Se is consistently created, using several growth methods. The diffusion of Mn atoms in GaAs is limited to a few nanometers from the interface of the MnSe layer, with a diffusion length $\lambda = 0.3$ nm. Moreover, a substantial redistribution of Mn occurs in proximity of the MnSe/ZnSe interface, which gives rise to an intermixed Zn~1−*x*~Mn~*x*~Se layer with $x = 0.24$. Finally, we showed that the distribution of Mn in the ZnSe layer can be controlled by the growth method and by the presence of an annealing step. Sample *a*, grown by MBE, shows a similar behavior to sample *c*, grown by MEE and annealed. In both cases, a slowly decreasing Mn concentration is retained in the ZnSe. In the case of sample *b*, which was grown by MEE, a different behavior was observed and the Mn segregation is largely suppressed. This difference in behavior can be exploited to effectively tune the distribution of Mn atoms in the ZnSe layer.
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The structure of the three samples investigated in this study is summarized in [Figure A1](#nanomaterials-10-01315-f0A1){ref-type="fig"}. The growth steps are described in detail for each sample in the experimental section.

The X-STM measurements are performed with an Omicron Low-Temperature STM. The measurements are performed at a temperature of $77K$ on a $\left\{ 110 \right\}$ surface, obtained by cleaving in UHV conditions ($p\mspace{600mu} 10^{- 11}$ torr). The cross section of the semiconductor stack is analyzed with atomic resolution, enabling the identification of defects and single dopants. In particular, Mn in GaAs can be easily identified thanks to its characteristic bow-tie contrast \[[@B24-nanomaterials-10-01315]\]. STM measurements require a surface that is both sufficiently conductive and atomically flat. The interface between III--V and II--VI semiconductors is known to introduce steps and extended defects on the cleaved surface, even when the lattice mismatch is small as in the case of ZnSe and GaAs (0.3%) \[[@B22-nanomaterials-10-01315]\]. Moreover, the relatively large energy gap of ZnSe and the inter-diffusion of elements across the interface create a highly-compensated region of low conductivity in proximity of the interface \[[@B28-nanomaterials-10-01315]\]. These two effects prevent the STM analysis of the interface and in the MnSe and ZnSe layers. Therefore, in this work, STM is only used to study the concentration of Mn impurities in the III--V part of the stack.

![The samples are all grown on a p-doped GaAs substrate. In sample (**a**), a thin layer of intrinsic GaAs is grown before the interface with the II--VI material. In samples (**b**,**c**), the intrinsic layer is 100 nm thick, and sample (**c**) has been subject to an annealing step after the growth of the MnSe layer.](nanomaterials-10-01315-g0A1){#nanomaterials-10-01315-f0A1}

SIMS measurements are performed using a time-of-flight secondary-ion mass spectrometer TOF.SIMS-5 by IONTOF. 1 keV ${Cs}^{+}$ ions are used for sputtering, with the ion current being 50 nA. The probing beam is 25 keV/1 pA ${Bi}^{+}$ ions with 1 ns pulse duration. The probing beam is focused in the center of a flat crater, providing a resolution for the measurement of the fore-fronts of elements within 2--3 nm. The ${MnCs}^{+}$ approach \[[@B29-nanomaterials-10-01315],[@B30-nanomaterials-10-01315]\] is used to minimize the matrix effects of the SIMS method on the profiling of the main heterostructure elements \[[@B31-nanomaterials-10-01315],[@B32-nanomaterials-10-01315]\]. In these measurements, the CsZn, CsGa, Cs~2~As, and Cs~2~Se secondary positive ions are collected, whereas ${Bi}^{3 +}$ cluster probing ions are used to increase the intensity of the secondary ions \[[@B33-nanomaterials-10-01315]\]. For measurements of the metallic impurity profiles, the highest sensitivity is obtained using $O_{2}^{+}$ ions for sputtering \[[@B34-nanomaterials-10-01315]\] and the secondary positive ions for Mn, Ga(in ZnSe), and Be are collected.

APT samples are prepared by focused ion beam milling in a FEI Nova Nanolab 600i FIB/SEM Dualbeam using a procedure described in previous work \[[@B35-nanomaterials-10-01315],[@B36-nanomaterials-10-01315]\]. After the lift out of the specimen from the wafer, the specimen is rotated by 180 degrees to allow for APT analysis from the substrate towards the surface using a rotation holder \[[@B37-nanomaterials-10-01315]\]. At the end of the fabrication of the specimens, the acceleration voltage of the ion beam was lowered from 30 kV to 5 kV to minimize damage to the specimen. Laser-assisted APT is performed in a LEAP 4000X HR from Cameca. The machine utilizes a picosecond-laser with a wavelength of 355 nm, creating diffraction limited pulses with a length of 8 ps and a cadency of 65--100 kHz. The specimens are cooled down to a base temperature of 20 K and then excited with laser powers between 0.3 and 2 pJ. No dependence of the measurement results on the laser power is observed.

Laser assisted APT measurements on semiconductors provide the concentration profiles of the different elements across the interface with high resolution \[[@B20-nanomaterials-10-01315]\]. The machine inherent resolution is 0.1 nm, and a fine z sampling of 0.1 nm is used around the interface studied, providing a total depth resolution of 0.2 nm \[[@B17-nanomaterials-10-01315],[@B18-nanomaterials-10-01315],[@B19-nanomaterials-10-01315]\].

Our primary goal is the study of diffusion and intermixing phenomena at the GaAs/Mn:ZnSe interface. Therefore, we performed our data analysis with the intent of maximizing the sensitivity of the APT measurements, in order to detect a small concentration of Ga, As, Mn atoms in ZnSe and Zn, Se, and Mn impurities in GaAs. During APT of GaAs, the surface becomes enriched in As (as Ga atoms are removed preferentially) and, as a result, a large number of As clusters are detected in the mass spectrum \[[@B38-nanomaterials-10-01315]\]. These clusters are not formed on the ZnSe side of the interface and, in order to minimize the background noise, we excluded all clusters of As that cannot be seen in the ZnSe from the analysis. This approach allows us to be more sensitive to As inside ZnSe and follow the diffusion profile more accurately, but an apparent difference in concentration between Ga and As in the APT results is observed in [Figure 1](#nanomaterials-10-01315-f001){ref-type="fig"}.

![Concentration profile of each element measured by APT on sample *b*. The data are fitted using a profile based on two error functions. A good agreement between the data and the fit is obtained, and some small deviations are observed in the II--VI region for the Mn and Ga profile.](nanomaterials-10-01315-g001){#nanomaterials-10-01315-f001}

![Results of the STM measurements on two different samples, both taken in empty state imaging condition (V = 1.55 V, I = 30 pA). (**a**) shows an image of the GaAs layer in sample *a*, taken about 3 nm away from the II--VI interface. Two detailed images on top of the panel show the differences in contrast between a Mn and a Be dopant; (**b**) is an image of sample *b*, taken in the intrinsic GaAs region about 10 nm away from the interface. No traces of Mn atoms are observed.](nanomaterials-10-01315-g002){#nanomaterials-10-01315-f002}

![In (**a**), we show the concentration profiles measured by SIMS on sample *b*. The front tails of the profiles (Mn, Ga, As) are fitted with the fit function used for the APT measurements. A Lorentzian function is added to the Mn profile to fit the tail of the Mn distribution. In (**b**), we report the front tail of the Mn distribution for the three different samples. The noise level for each measurement technique is depicted with a dashed line.](nanomaterials-10-01315-g003){#nanomaterials-10-01315-f003}

nanomaterials-10-01315-t001_Table 1

###### 

Fitting parameters for the concentration profile of different elements, obtained from the APT data. The maximum element concentration (*C*), the position of the interfaces ($x_{1}$,$x_{2}$), and the diffusion length ($\lambda$) are reported.

  Element   $\mathbf{\mathbf{C}\left( \% \right)}$   $\mathbf{\mathbf{\lambda}}$ (nm)   $\mathbf{\mathbf{x}_{1}}$ (nm)   $\mathbf{\mathbf{x}_{2}}$ (nm)
  --------- ---------------------------------------- ---------------------------------- -------------------------------- --------------------------------
  Mn        $24 \pm 0.9$                             $0.34 \pm 0.07$                    $0.2 \pm 0.1$                    $- 2.84 \pm 0.1$
  Ga        $132 \pm 1$                              $0.34 \pm 0.05$                    $- 0.24 \pm 0.05$                
  As        $64 \pm 1$                               $0.35 \pm 0.08$                    $- 0.17 \pm 0.08$                
  Zn        $104 \pm 1.7$                            $0.33 \pm 0.06$                    $0.34 \pm 0.07$                  $- 3.1 \pm 0.2$
  Se        $92 \pm 0.7$                             $0.3 \pm 0.05$                     $0.11 \pm 0.05$                  

nanomaterials-10-01315-t002_Table 2

###### 

Fitting parameters for the concentration profile of Mn impurities, obtained with SIMS measurements. Only the front tail is considered and the profile is split in a diffusive component (*C*, $\lambda$) and a segregation component ($C_{L}$, $\lambda_{L}$).

        $\mathbf{\mathbf{C}\left( \cdot 10^{5}\mspace{600mu}{a.u.} \right)}$   $\mathbf{\mathbf{\lambda}\mspace{600mu}\left( {nm} \right)}$   $\mathbf{\mathbf{C}_{\mathbf{L}}\left( \cdot 10^{3}\mspace{600mu}{a.u.} \right)}$   $\mathbf{\mathbf{\lambda}_{\mathbf{L}}\mspace{600mu}\left( {nm} \right)}$   $\mathbf{\mathbf{C}_{\mathbf{L}}/\mathbf{C}}$
  ----- ---------------------------------------------------------------------- -------------------------------------------------------------- ----------------------------------------------------------------------------------- --------------------------------------------------------------------------- -----------------------------------------------
  *a*   $1.52 \pm 0.2$                                                         $1.51 \pm 0.05$                                                $10.3 \pm 0.2$                                                                      $4.45 \pm 0.15$                                                             0.07
  *b*   $0.71 \pm 0.01$                                                        $1.28 \pm 0.06$                                                $0.52 \pm 0.01$                                                                     $7.0 \pm 0.5$                                                               0.007
  *c*   $0.34 \pm 0.01$                                                        $1.65 \pm 0.12$                                                $5.10 \cdot \pm 0.5$                                                                $8.08 \pm 0.16$                                                             0.15
